Introduction
============

Bacterial pathogens exhibit an intimate relationship with host cells that involves direct subversion of host pathways by a myriad of microbial derived effectors that are injected into the host cell by specialized type III--VII translocation systems. Pathogens actively evade and manipulate vesicular trafficking to avoid lysosomal degradation, modulate the actin cytoskeleton and interfere with numerous cellular signaling cascades to help establish their replicative niche (Franco et al., [@B28]; Galan, [@B30]; Ibarra and Steele-Mortimer, [@B45]; Isberg et al., [@B46]). A particularly elegant manipulation of host cell processes is the ability of bacteria to hijack the host ubiquitination system, often through molecular mimicry of host proteins.

Ubiquitination is an essential post-translational protein modification conserved among all eukaryotic organisms. It involves the covalent addition of a 76-amino acid ubiquitin polypeptide to a lysine residue of a target protein. Ubiquitination of proteins regulates a wide range of important cellular processes such as DNA repair, signaling, endocytosis, vesicular trafficking, and cell cycle progression and thus plays a key role in cellular homeostasis (Welchman et al., [@B97]; Kerscher et al., [@B52]). The process of ubiquitination involves the addition of a single or several ubiquitin moieties to a target protein. The conjugation of a single ubiquitin, monoubiquitination, often directs protein localization and activity of the targeted protein (Welchman et al., [@B97]; Kerscher et al., [@B52]; Raiborg et al., [@B72]). In contrast, the addition of further ubiquitin moieties, building a complex polyubiquitin chain, often targets a protein for 26S proteasome-mediated degradation or can modulate its biological activity (Welchman et al., [@B97]; Kerscher et al., [@B52]). The fate of polyubiquitinated proteins is dependent on the linkage pattern between individual ubiquitin moieties making up the chain (Welchman et al., [@B97]; Kerscher et al., [@B52]). Generally, if the ubiquitin moieties are covalently linked via their lysine 48 residues, they target the protein for 26S proteasome-mediated degradation, or if they are linked by the lysine 63 residue this alters protein activity and trafficking in the cell (Pickart and Fushman, [@B68]). However, the functional implications of other lysine linkages in polyubiquitin chains such as K6, K11, K27, K29, and K33 are not well understood (Xu et al., [@B100]).

Ubiquitination involves the sequential activity of three classes of enzymes (Kerscher et al., [@B52]). Initially, ubiquitin is activated by an E1 ubiquitin activating enzyme that binds to the C-terminus of ubiquitin, via a thioester linkage to a cysteine residue in the enzyme (Kirkpatrick et al., [@B54]). This linked ubiquitin is then transferred to another cysteine residue present within an E2 ubiquitin-conjugating enzyme (Zhang et al., [@B103]). Humans harbor at least 35 different E2 conjugating enzymes and these are chiefly responsible for directing different polyubiquitin chain patterns (van Wijk and Timmers, [@B92]). This is followed by a substrate-specific E3 ubiquitin ligase that transfers ubiquitin to the target protein (Ardley and Robinson, [@B4]). Specificity in this process is provided by the large family of \>1000 estimated E3 human enzymes, each of which recognizes a specific substrate (Petroski and Deshaies, [@B67]). E3 ubiquitin ligases are classified into two major groups, the HECT-type E3 ubiquitin ligases and the RING-type ubiquitin ligases (Ardley and Robinson, [@B4]). RING-type E3 ubiquitin ligases consist of either a single protein (U-box domain proteins) or a multi-subunit complex such as the SKP1-CUL1-F-box (SCF)-complex (Ardley and Robinson, [@B4]).

The SCF Complex
===============

The SCF complex (Figure [1](#F1){ref-type="fig"}) contains the RING-domain protein RING-box 1 (RBX1), cullin 1 (CUL1), S-phase-kinase associated protein 1 (SKP1), and a protein harboring an F-box domain, that directly binds SKP1 (Schulman et al., [@B83]). These F-box-containing proteins also typically have a leucine-rich repeat (LRR) or WD40 protein-binding domains, which bind specific substrates to be ubiquitinated and target them to the E3 ligase multimeric complex that is bound to the F-box domain (Smith et al., [@B87]; Kobe and Kajava, [@B55]) (Figure [1](#F1){ref-type="fig"}). In humans there are at least ∼70 F-box proteins (Jin et al., [@B47]), while the plant *Arabidopsis* has over 700 F-box proteins (Gagne et al., [@B29]), indicating that regulation of protein ubiquitination by the SCF ligase machinery is a key mechanism controlling protein fate in eukaryotic cells. F-box proteins in both invertebrates and vertebrates have been extensively reviewed (Lechner et al., [@B59]; Ho et al., [@B43], [@B42]). Given the broad range of cellular processes controlled by SCF-mediated ubiquitination and the large number of F-box proteins giving specificity to the reaction, this mechanism is particularly sensitive to hijacking by bacterial pathogens, allowing these organisms to manipulate the host ubiquitination pathway to their advantage.

![**Model of the eukaryotic SCF complex**. Cartoon representation of the eukaryotic SCF complex and the E1 activating and E2 conjugating enzymes. E1 transfers ubiquitin to E2, which then conjugates ubiquitin to a target protein associated with the F-box protein within the E3 SCF multi-protein complex.](fmicb-01-00122-g001){#F1}

Several species of pathogenic Gram-negative bacteria harbor elaborate type III--VII secretion systems that inject a myriad of virulence proteins, termed effectors, into the host cell, which modulate various cellular processes to promote proliferation of the invading pathogen (Christie and Cascales, [@B13]; Cornelis, [@B17]). Many of these translocated effectors exhibit structure and function mimicry of eukaryotic proteins and this enables them to interfere with various cellular processes including vesicular trafficking, cytoskeletal rearrangement and intracellular trafficking (Franco et al., [@B28]; Galan, [@B30]; Hauser, [@B39]; Ibarra and Steele-Mortimer, [@B45]; Isberg et al., [@B46]). A growing number of type III--VII effectors have been shown to manipulate the host cell ubiquitin system through molecular mimicry of the F-box protein component of the SCF E3 ubiquitin ligases (Schrammeijer et al., [@B81], [@B82]; Angot et al., [@B3]; Kajava et al., [@B50]; Price et al., [@B71]). Bacteria do not possess the other enzymatic components of the SCF complex nor the ubiquitination machinery. Therefore, genes encoding bacterial F-box proteins have likely evolved through inter-kingdom horizontal gene transfer from eukaryotes to bacteria during close bacterial/host interaction. This review will discuss recent advances in the understanding of bacterial F-box proteins and their role in manifestation of disease caused by *Agrobacterium tumefaciens*, *Ralstonia solanacearum*, and *Legionella pneumophila*. In addition, bioinformatic analyses of whole bacterial genome sequences have revealed the presence of putative eukaryotic-like F-box proteins in many other bacterial species, including the human pathogen *Coxiella burnetii*, various plant pathogens, and amebal endosymbionts. It is likely that the strategy to subvert host ubiquitination through molecular mimicry of eukaryotic F-box proteins is a widespread phenomenon among prokaryotes that have a close interaction with eukaryotic cells.

F-Box Proteins of *Legionella*
==============================

The Legionnaires' disease causing bacterium, *L. pneumophila*, replicates within alveolar macrophages causing pneumonia (Isberg et al., [@B46]). The organism is transmitted to humans from the aquatic environment where *L. pneumophila* replicates within ameba and ciliates (Molmeret et al., [@B63]; Franco et al., [@B28]). Co-evolution and adaptation of *L. pneumophila* to the intracellular lifestyle within ameba in the aquatic environment is believed to have played a major role in its ability to exploit evolutionarily conserved eukaryotic processes that enables its proliferation within human alveolar macrophages (Molmeret et al., [@B63]; Franco et al., [@B28]). Within both evolutionarily distant host cells, *L. pneumophila* evades endocytic fusion and intercepts ER-to-Golgi vesicular traffic to remodel its phagosome into an ER-derived vacuole that is decorated with polyubiquitinated proteins (Kagan and Roy, [@B49]; Molmeret et al., [@B63]; Dorer et al., [@B25]; Shin and Roy, [@B86]; Isberg et al., [@B46]). The Dot/Icm type IV secretion system (Segal et al., [@B84]; Vogel et al., [@B93]) is triggered upon intimate attachment to the host cell membrane (Franco et al., [@B28]) to inject into the host cell a cadre of ∼200 effectors to modulate a myriad of cellular processes to re-program the host cell into a proliferation niche (de Felipe et al., [@B23]; Shin and Roy, [@B86]; Isberg et al., [@B46]) and many of these effectors harbor eukaryotic-like domains. Among these are a number of proteins harboring eukaryotic like F-box domains (Figure [2](#F2){ref-type="fig"}).

![**The F-box proteins of *Legionella pneumophila***. Five F-box proteins of *L. pneumophila* are translocated into the host cell. Two of these, PpgA and Lpg2525 do not interact with host SKP1 and their function is unknown. LicA interacts with SKP1 but its function is unknown. LegU1 interacts with the SCF complex to mediate ubiquitination of the host protein BAT3. Following translocation, AnkB is farnesylated by the three host enzymes FT, RCE1, and ICMT and is anchored into the cytosolic face of the LCV membrane, where it interacts with the SCF complex and acts as a platform for the docking of polyubiquitinated proteins to the LCV.](fmicb-01-00122-g002){#F2}

The *Legionella*-containing vacuole (LCV) is decorated with polyubiquitinated proteins, and the Dot/Icm transport system and the F-box effector AnkB are essential for this process (Dorer et al., [@B25]; Price et al., [@B71], [@B69]). The Dot/Icm-translocated AnkB effector is a non-canonical F-box protein that harbors two eukaryotic-like ankyrin domains (ANK) that are thought to be involved in protein--protein interaction, and is highly regulated by the growth phase, and is found in all sequenced *L. pneumophila* strains (Al-Khodor et al., [@B2], [@B1]; Habyarimana et al., [@B37]; Price et al., [@B69]). To date, only confirmed prokaryotic F-box proteins harbor ANK protein--protein interaction domains, instead of the LRR or WD40 domains present in higher eukaryotes (Sonnberg et al., [@B88]; Blanie et al., [@B8]). Our examination of the InterPro database indicates a proliferation of proteins harboring F-box and ANK domains in fungi and other lower unicellular eukaryotes including *Dictyostelium discoideum*, and bacteria, suggesting this domain arrangement is more widespread in primitive eukaryotes and prokaryotes.

The F-box domain of AnkB interacts with the SKP1 component of the SCF1 ubiquitin ligase complex and functions as a platform for the docking of polyubiquitinated proteins to the LCV membrane within primary human macrophages, U937 human macrophage cell line, HEK293 cells, *Acanthamoeba*, and *D. discoideum* (Dorer et al., [@B25]; Price et al., [@B71], [@B69],[@B70]) (Figure [2](#F2){ref-type="fig"}). The AnkB effector is essential for proliferation of *L. pneumophila* within the two evolutionarily distant hosts, mammalian, and protozoan cells, and for intrapulmonary bacterial proliferation and manifestation of pulmonary disease in the mouse model (Al-Khodor et al., [@B2]; Price et al., [@B71]). Importantly, the F-box domain as well as the two ANK protein--protein interaction domains, are all essential for the biological function of AnkB (Al-Khodor et al., [@B2]; Price et al., [@B71], [@B69]). Currently, the polyubiquitinated targets of AnkB are unknown and they may be of host and/or bacterial origin. The dense accumulation of polyubiquitinated proteins surrounding the LCV indicates that the modulation of activity and turnover of ubiquitinated bacterial effectors or host proteins at the LCV/cytosol interface is essential for the development of a favorable *L. pneumophila* replicative niche. AnkB reduces ubiquitination of Parvin B (Lomma et al., [@B61]), a protein that localizes to focal adhesions and lamellipodia. This may appear to be contrary to the action of F-box proteins in promoting ubiquitination, but the reason for this conundrum is not known yet. It is also unclear how reducing Parvin B ubiquitination relates to the recruitment of polyubiquitinated proteins to the LCV (Dorer et al., [@B25]; Price et al., [@B71]; Lomma et al., [@B61]).

Injection of AnkB into the host cell by the by the Dot/Icm type IV secretion system results in exclusive targeting of the effector into the LCV membrane (Price et al., [@B70]). Recent data have shown that AnkB is anchored into the cytosolic face of the LCV membrane by host-mediated farnesylation of its C-terminal eukaryotic-like CaaX motif (Price et al., [@B70]) (Figure [2](#F2){ref-type="fig"}). Farnesylation is a highly conserved post-translation lipid modification of eukaryotic proteins that confers hydrophobicity on the modified protein, and its targeting to membranes (Wright and Philips, [@B98]). Anchoring of AnkB to the LCV membrane via host-mediated farnesylation is essential for its biological function as a platform for the docking of polyubiquitinated proteins to the LCV membrane within macrophages and ameba. The host polyubiquitination and farnesylation machineries are essential for intracellular replication of *L. pneumophila* within the two evolutionarily distant host cells, and for intrapulmonary proliferation of *L. pneumophila* in the mouse model of Legionnaires' disease (Price et al., [@B70]) (Figure [2](#F2){ref-type="fig"}). Therefore, host polyubiquitination and farnesylation are two evolutionarily conserved eukaryotic machineries exploited by the same effector to enable intra-vacuolar proliferation of *L. pneumophila* within evolutionarily distant hosts (Molmeret et al., [@B63]; Franco et al., [@B28]; Price et al., [@B70]). These are the first two documented examples of the role of exploitation of highly conserved eukaryotic processes by *Legionella* within ameba and other primitive eukaryotes in pathogenic evolution of this bacterium to infect humans. Host-mediated farnesylation and anchoring of AnkB to the pathogen-containing vacuolar membrane is novel among the large family of eukaryotic F-box proteins that are cytosolic and not membrane-anchored.

*Legionella pneumophila* has at least four other proteins that have putative F-box domains and each of these are injected into host cells by the Dot/Icm system (Ensminger and Isberg, [@B26]) (Figure [2](#F2){ref-type="fig"}). Interestingly, these other F-box proteins are not found in all the sequenced strains of *L. pneumophila*. Of these four, Lpg2224 (PpgA) and Lpg2525, which are only found in the Philadelphia strain, do not associate with components of the host ubiquitination machinery, and may therefore play a different role during infection (Ensminger and Isberg, [@B26]) (Figure [2](#F2){ref-type="fig"}). Lpg1408 (LicA), which is found in all the sequenced *L. pneumophila* strains, interacts with SKP1, but not CUL1. This suggests that this protein may form a non-canonical SCF complex containing a different cullin (Ensminger and Isberg, [@B26]) (Figure [2](#F2){ref-type="fig"}). Lpg0171 (LegU1) interacts with both SKP1 and CUL1, forming an active E3 ubiquitin ligase complex, and is found in three of the four sequenced *L. pneumophila* genomes (Ensminger and Isberg, [@B26]). The LegU1 effector directs the ubiquitination of the host protein BAT3 (Ensminger and Isberg, [@B26]), which plays key roles in modulating apoptosis, ER stress, p53-regulated expression, and Hsp70 stability (Sasaki et al., [@B78]; Desmots et al., [@B24]; Nguyen et al., [@B65]; Tsukahara et al., [@B90]) (Figure [2](#F2){ref-type="fig"}). It is not currently clear what the exact role of LegU1-mediated BAT3 ubiquitination is during the course of infection by *L. pneumophila*. However, the presence of multiple translocated F-box proteins in *L. pneumophila*, which hijack the host ubiquitination system, strongly suggests that bacterial molecular mimicry of eukaryotic F-box proteins is very important for the infection by *Legionella*. Interestingly, both Lpg2525 and LegU1 have putative CaaX farnesylation motifs, similar to AnkB (Price et al., [@B70]), and it will be interesting to determine if farnesylation is crucial for their membrane anchoring and biological activity following their injection into the host cell.

*Legionella longbeachae* is another species of *Legionella* that cause Legionnaires' disease (McKinney et al., [@B62]). Unlike, *L. pneumophila* which primarily inhabits aquatic environments, *L. longbeachae* is found predominantly in moist potting soil (Steele et al., [@B89]). Similar to *L. pneumophila*, *L. longbeachae* invades and proliferates within macrophages, and translocates effectors via the Dot/Icm system, although its trafficking following phagocytosis differs from *L. pneumophila* (Feldman and Segal, [@B27]; Asare and Abu Kwaik, [@B5]). The *L. longbeachae* genome harbors over 30 genes that encode putative proteins with eukaryotic domains, including ANK repeats, U-box, Sel-1, LRRs, and serine--threonine kinase domains (Cazalet et al., [@B11]; Kozak et al., [@B56]). In addition, the *L. longbeachae* genome has three putative genes that encode F-box proteins (LLB0157, LLB3234, LLB3296), and these three all have homologues in *L. pneumophila* (Kozak et al., [@B56]) (Figure [4](#F4){ref-type="fig"}). Interestingly, only LLB0157 was identified by the InterPro F-box motif, again suggesting bacterial F-box proteins are under-represented in databases. The *L. pneumophila* homologue of LLB0157, LicA is translocated into host cells, and shown to interact with SKP1 but not the other components of the SCF complex (Ensminger and Isberg, [@B26]). The functions of the *L. longbeachae* F-box proteins are currently unknown.

*Agrobacterium Tumefaciens* VirF
================================

The plant pathogen, *A. tumefaciens*, causes neoplastic growth on several plants species, giving rise to crown gall disease. This bacterium has a type IV secretion system that translocates both protein effectors and a single-stranded DNA molecule (T-DNA) from the tumor-inducing plasmid, which is essential for genetic transformation of the host cell (Gelvin, [@B31]). The T-DNA is coated after translocation by the bacterial ssDNA binding protein VirE2, packaging the DNA into a nucleoprotein complex called the T-complex (Citovsky et al., [@B15]). The T-complex then associates with the plant protein VIP1, which interacts with karyopherin-α to enable nuclear import of the T-complex (Ziemienowicz et al., [@B104]; Citovsky et al., [@B14]; Li et al., [@B60]; Lacroix et al., [@B58]). Before the T-DNA can integrate into the plant chromatin, it is essential that the associated VirE2 and VIP1 proteins be removed. This is achieved by the action of another translocated bacterial protein, VirF (Schrammeijer et al., [@B82]) (Figure [3](#F3){ref-type="fig"}), which harbors an F-box domain and determines host tropism for *A. tumefaciens* (Hirooka et al., [@B41]). ASK1 and ASK2, the *Arabidopsis* homologues of the yeast SKP1 protein interact with VirF (Schrammeijer et al., [@B82]). Furthermore, the F-box domain of VirF is essential for ASK1/2 interaction *in vitro* and for full virulence of *A. tumefaciens* during infection of plants (Schrammeijer et al., [@B82]). VirF directly interacts with VIP1 and this interaction leads to targeting of VIP1 to the SCF complex, whereby it becomes ubiquitinated and subsequently tagged for proteolysis by the proteasome (Tzfira et al., [@B91]). This process also indirectly targets VirE2 to the proteasome, which allows the T-DNA to integrate into the plant chromatin, and in turn allows successful infection by *A. tumefaciens*.

![**F-box proteins in plant pathogens**. Cartoon representations of the domain structures of bacterial F-box proteins found in plant pathogens. Proteins and domain predictions were found at the EMBL-EBI website InterPro website (<http://www.ebi.ac.uk/interpro>), using the F-box domain motif IPR001810. Genes are identified by their name or NCBI accession number.](fmicb-01-00122-g003){#F3}

Interestingly, for some plant species VirF is not required for genetic transformation by *A. tumefaciens* (Hirooka et al., [@B41]). It has been recently shown that *A. tumefaciens* induces expression of the plant F-box protein VBF, which can functionally replace VirF (Zaltsman et al., [@B101]), but VBF regulates the level of VIP1 and indirectly VirE2 by targeting VIP1 to the SCF complex, allowing even a *virF* mutant strain of *A. tumefaciens* to cause disease (Zaltsman et al., [@B101]). This indicates that VirF is the direct molecular mimic of the plant VBF protein, but VBF is not found in all plant species. Therefore, it appears that *A. tumefaciens* has acquired a functional homologue of VBF allowing this bacterium to extend its host range and in turn increase its chance for survival. It will be interesting to determine if other bacterial F-box proteins have direct functional homologues in the host cells.

*Ralstonia Solanacearum* F-Box Proteins
=======================================

The Gram-negative plant pathogen, *R. solanacearum*, has a type III secretion system that translocate over 80 different effectors into plant cells, resulting in bacterial wilt in a number of plant species (Salanoubat et al., [@B77]; Cunnac et al., [@B19]). Among these effectors are seven proteins that harbor the F-box domain (Angot et al., [@B3]) (Figure [3](#F3){ref-type="fig"}). The *R. solanacearum* F-box proteins also harbor LRRs, which specify protein--protein interaction (Gagne et al., [@B29]; Angot et al., [@B3]), similar to many eukaryotic F-box proteins (Ho et al., [@B43]). The *R. solanacearum* F-box proteins have been designated "GALA" proteins due to a GAxALA motif within the LRR (Angot et al., [@B3]). Interestingly, the domain architecture of the *R. solanacearum* GALA proteins is similar to plant F-box proteins, and there is evidence to suggest that GALA proteins have been acquired by lateral inter-kingdom gene transfer from plants (Angot et al., [@B3]; Kajava et al., [@B50]). The seven GALA proteins of *R. solanacearum* interact with several of the *Arabidopsis* SKP1 like proteins (ASKs) (Angot et al., [@B3]). Interestingly, individual mutations in each of the seven GALA proteins had no effect on the ability of *R. solanacearum* to cause disease on *Arabidopsis* and tomato plants (Angot et al., [@B3]). However a *R. solanacearum* strain harboring mutations in all seven GALA proteins is essentially avirulent when tested on *Arabidopsis*, and is significantly less virulent when tested on tomato plants (Angot et al., [@B3]). Interestingly, infection of another *R. solanacearum* host plant, *Medicago truncatula* with a GALA7 mutant strain results in no disease, in contrast to that observed in *Arabidopsis* and tomato infections (Angot et al., [@B3]). Furthermore, the F-box domain of GALA7 is crucial for infection of *M. truncatula*, since complementation of a *R. solanacearum* GALA7 mutant with a GALA7 gene lacking the F-box domain does not restore virulence (Angot et al., [@B3]). The essential role of the GALA7 F-box domain for biological function of the protein is analogous to the key role the F-box domain of AnkB plays in *L. pneumophila* virulence. Furthermore, the essential role of GALA7 in one plant species over another, suggests that GALA7 plays a role in host tropism. To date, the plant proteins targeted by the *R. solanacearum* GALA proteins are unknown.

Putative F-Box Proteins are Abundant in Other Bacterial Species
===============================================================

To date, bacterial F-box proteins have been characterized in *L. pneumophila*, *A. tumefaciens*, and *R. solanacearum*. Interestingly, in each of these bacterial species, F-box proteins play a key role in virulence through subverting the host ubiquitination system. To explore whether other bacterial species harbor F-box proteins, we have searched the InterPro database using the F-box motif ID IPR001810 and found 74 bacterial proteins that contain the F-box domain (Figures [3](#F3){ref-type="fig"}--[5](#F5){ref-type="fig"}). These 74 F-box proteins belong to 22 different bacterial species, including human and plant pathogens, and ameba endosymbionts. Interestingly, only three F-box proteins have been found in bacteria that are not known to be pathogenic or do not infect ameba, *Lentisphaera araneosa*, *Aquifex aeolicus*, and *Eubacterium siraeum*. This strongly suggests that acquisition of F-box proteins encoding genes by bacterial pathogens and amebal endosymbionts has been favored by evolution to enable these bacteria to subvert the host ubiquitination machinery. Surprisingly, the IPR001810 motif does not recognize VirF from *A. tumefaciens*, and only four out of the seven GALA proteins from *R. solanacearum*, suggesting this motif does not adequately identify bacterial F-box proteins. Therefore, it is quite possible that F-box proteins are more abundant, and are found in a wider range of bacterial species than is currently predicted.

Other Human Pathogens
=====================

*Coxiella burnetii*, the causative agent of Q fever, is a Gram-negative, intracellular pathogen that invades mononuclear phagocytes, where the bacterium replicates within a lysosomal-like vacuole (Voth and Heinzen, [@B94]). *C. burnetii* harbors a type IV secretion system, similar to *L. pneumophila*, which is believed to translocate effector molecules into the host to modulate cellular processes (Zamboni et al., [@B102]; Zusman et al., [@B105]; Voth and Heinzen, [@B95]). This organism harbors a number of potential T4SS effectors that have eukaryotic-like protein domains (Voth and Heinzen, [@B95]). The InterPro database identified a single *C. burnetii* gene (AnkD) encoding a putative F-box protein (Uniprot ID B6J1V7, CBU0355) (Figure [4](#F4){ref-type="fig"}). This protein also harbors ANK repeats, analogous to AnkB of *L. pneumophila* (Figure [4](#F4){ref-type="fig"}). Perhaps this *C. burnetii* protein targets a host protein for ubiquitination via an interaction with the ANK domains and interaction of the host SKP1 with the F-box domain. When AnkD was expressed as an adenylate cyclase fusion in *L. pneumophila* it was not translocated into mammalian cells (Pan et al., [@B66]; Voth et al., [@B96]). However, this may be due to a lack of recognition of this foreign fusion protein by the *L. pneumophila* type IV translocation apparatus. At least two other *C. burnetii* proteins have been identified that harbor the F-box domain, CBU0814 and CBUA0014 (Voth and Heinzen, [@B95]) (Figure [4](#F4){ref-type="fig"}). These two proteins failed to be identified by the InterPro F-box motif, further suggesting that many bacterial F-box proteins have gone un-annotated. CBU0814 also harbors a regulator of chromosomal condensation (RCC) domain, while CBUA0014 does not have any other recognizable functional domains (Voth and Heinzen, [@B95]) (Figure [4](#F4){ref-type="fig"}). The role of these proteins in *C. burnetii* infection remains unknown, but it is an exciting avenue of research that may enhance the understanding of this obligate intracellular pathogen.

![**F-box proteins in human pathogens**. Cartoon representations of the domain structures of bacterial F-box proteins found in human pathogens. Proteins and domain predictions were found at the EMBL-EBI website InterPro website (<http://www.ebi.ac.uk/interpro>), using the F-box domain motif IPR001810. Genes are identified by their name or NCBI accession number.](fmicb-01-00122-g004){#F4}

Five other human bacterial pathogens harbor genes encoding putative F-box proteins (Figure [4](#F4){ref-type="fig"}). *Orientia tsutsugamushi* is an obligate intracellular *Rickettsia* and is the causative agent of the zoonosis scrub typhus (Seong et al., [@B85]). The *O. tsutsugamushi* genome has an expansive set of genes encoding components of type IV secretion systems and has around 200 genes that encode proteins with eukaryotic-like domains, including histidine kinases, ANK, and tetratricopeptide repeats (Cho et al., [@B12]). *O. tsutsugamushi* has a single putative protein (Ank1u9) harboring an F-box domain (Cho et al., [@B12]) (Figure [4](#F4){ref-type="fig"}). Interestingly, Ank1u9 has eight ANK repeats at the N-terminus while the F-box domain of this protein is found at the C-terminus (Figure [4](#F4){ref-type="fig"}). This unusual domain architecture has only been observed in viral F-box proteins (Sonnberg et al., [@B88]; Blanie et al., [@B8]). The biological function of Ank1u9 is unknown, however the massive proliferation of proteins with eukaryotic-like domains in *O. tsutsugamushi* (Cho et al., [@B12]), and the obligate intracellular lifestyle of this organisms suggests that manipulation of host pathways is essential for successful replication.

*Fusobacterium nucleatum* is a Gram-negative, anaerobic bacterium that plays a role in the complex polymicrobial infection of periodontal diseases (Moore and Moore, [@B64]). *F. nucleatum* can constitute a large proportion of plaque biofilm and amongst the first Gram-negative species to become established in the plaque (Ximenez-Fyvie et al., [@B99]). *F. nucleatum* has been shown to attach to and invade gingival epithelia and oral fibroblast cells, and this ability may be crucial for development of periodontitis (Han et al., [@B38]; Dabija-Wolter et al., [@B21]). This organism harbors a type IV secretion system, which translocates effector proteins into host cells (Karpathy et al., [@B51]). A single putative F-box protein is predicted to be encoded by the *F. nucleatum* genome (Figure [4](#F4){ref-type="fig"}).

*Waddlia chondrophila* is an emerging pathogen belonging to the *Chlamydiae* family and has been associated with miscarriage of fetuses in cows and humans (Rurangirwa et al., [@B76]; Henning et al., [@B40]; Baud et al., [@B6]). This organism may also be associated with respiratory illness in humans (Goy et al., [@B33]). *W. chrondrophila* is an obligate intracellular bacterium that replicates within eukaryotic cells and exhibits a typical *Chlamydiae* biphasic developmental cycle, comprising infectious elementary bodies and non-infectious, replicating reticulate bodies (Goy et al., [@B32]). In human macrophages, *W. chrondrophila* evades the endocytic pathway, residing within a vacuole that is localized with endoplasmic reticulum proteins and mitochondria (Croxatto and Greub, [@B18]). The genome of this organism encodes two putative F-box proteins, and one of these also has WD40 repeats, similar to that of F-box proteins of higher eukaryotes (Figure [4](#F4){ref-type="fig"}).

The Gram-positive soil dwelling bacterium, *Bacillus cereus*, which can cause food-borne illness in humans (Guinebretiere et al., [@B36]), harbors a gene (BCEA0052) encoding a type II secretion protein that also has an F-box domain (Figure [4](#F4){ref-type="fig"}). This protein has weak BLAST homology to ComG, a protein involved in DNA competence, from *Bacillus anthracis*. To date no F-box proteins have been identified in *B. anthracis*. Taken together, diverse human pathogens harbor putative F-box proteins that may affect host ubiquitination, and opens up exciting new paths of research to decipher molecular and biochemical bases of bacterial pathogenesis.

Plant Pathogens
===============

The two bacterial plant pathogens, *A. tumefaciens* and *R. solanacearum* utilize F-box proteins to subvert the host ubiquitination system to cause disease. At least six other bacterial plant pathogens encode putative proteins that harbor the F-box domain (Figure [3](#F3){ref-type="fig"}). *Xanthomonas campestris*, *X. axonopodis*, and *X. fuscans* cause disease on a wide variety of plants (da Silva et al., [@B20]; Graham et al., [@B34]; Darsonval et al., [@B22]). These plant pathogens each harbor Hrp type III secretion systems that are essential for virulence through translocation of effector proteins into host cells (Bogdanove et al., [@B9]; Kim et al., [@B53]; Roden et al., [@B73]; Darsonval et al., [@B22]). *X. campestris*, *X. axonopodis*, and *X. fuscans* encode a single putative F-box protein with unknown function (Figure [3](#F3){ref-type="fig"}). *X. albilineans* is a devastating pathogen of sugar cane crops. Although it does not have genes encoding the Hrp type III secretion, it has a type III secretion system similar to that of *Burkholderia pseudomallei* that suggests translocation of effector proteins is important for this organism. The genome of *X. albilineans* encodes a single putative F-box protein (XALc_1472) which also harbors two ANK repeats, similar to AnkB of *L. pneumophila* (Figure [3](#F3){ref-type="fig"}).

*Pseudomonas syringae* pv *phaseolicola* causes disease on bean plants, and like the *Xanthomonads*, virulence is dependent on translocation of effector molecules via its type III secretion system (Bender et al., [@B7]; Joardar et al., [@B48]). This organism possesses a single putative F-box protein (Figure [3](#F3){ref-type="fig"}). Indeed there is mounting evidence implicating *P. syringae* subversion of host ubiquitination through the translocation of the effector AvrPtoB, which has intrinsic E3 ubiquitin ligase activity (Rosebrock et al., [@B75]). To date, the opportunistic human pathogen, *Pseudomonas aeruginosa*, does not harbor F-box proteins. Finally *P. savastanoi*, another devastating plant pathogen, encodes a single putative F-box protein of unknown function (Rodriguez-Palenzuela et al., [@B74]) (Figure [3](#F3){ref-type="fig"}). It will be interesting to determine if the F-box proteins in these plant pathogens are crucial for virulence, similar to that already seen for *A. tumefaciens* and *R. solanacearum*.

Amebal Endosymbionts
====================

Free-living ameba in the environment often play host to stable obligate intracellular bacterial parasites or endosymbionts belonging to the C*hlamydiae, Bacteriodetes*, *alpha-* and *beta-Proteobacteria*. *Protochlamydia amoebophila* is a relative of pathogenic *Chlamydia* species and exhibits a Chlamydia*-*like developmental cycle within ameba (Collingro et al., [@B16]). The genome (Horn et al., [@B44]) encodes a type IV secretion system and at least 11 genes encoding putative F-box proteins (Figure [5](#F5){ref-type="fig"}). Seven of these F-box proteins harbor WD40 protein interaction domains, similar to F-box proteins of higher eukaryotes (Ho et al., [@B43]) and one F-box protein harbors ANK repeats, similar to that observed in other bacterial F-box proteins like AnkB of *L. pneumophila* and lower eukaryotes including ameba.

![**F-box proteins in amebal endosymbionts**. Cartoon representations of the domain structures of bacterial F-box proteins found in amebal symbionts. Proteins and domain predictions were found at the EMBL-EBI website InterPro website (<http://www.ebi.ac.uk/interpro>), using the F-box domain motif IPR001810. Genes are identified by their name or NCBI accession number.](fmicb-01-00122-g005){#F5}

*Protochlamydia acanthamoeba*, another ameba endosymbiont, harbors 13 putative F-box proteins, many of which also contain WD40 protein interaction domains (Figure [5](#F5){ref-type="fig"}). Unlike*P. amoebophila*, *P. acanthamoeba* has been implicated in human disease, causing pneumonia, and can survive and replicate in human macrophages (Casson et al., [@B10]; Greub, [@B35]). It will be interesting to determine if *P. acanthamoeba* F-box proteins target conserved pathways shared between ameba and humans, enabling this organism to survive and replicate in otherwise genetically distant host cells.

*Amoebophilus asiaticus* is an amebal endosymbiont belonging to the *Bacteroidetes* group (Schmitz-Esser et al., [@B80]). Its 1.89 Mbp genome (Schmitz-Esser et al., [@B79]) devotes up to 8% (129 proteins) of its coding capacity to genes that harbor eukaryotic domains, including proteins with ANK repeats, tetratricopeptide domains, SEL1 domains, LRR and proteins with F-box and U-box domains (Schmitz-Esser et al., [@B79]) suggesting that subversion of host pathways is crucial for *A. asiaticus* survival. A total of 15 putative F-box proteins were identified to be encoded by the genome of *A. asiaticus* (Schmitz-Esser et al., [@B79]). However, searching with the InterPro F-box motif identified only 13 of the 15 annotated proteins. Most of these F-box proteins also harbor eukaryotic protein interaction domains such as LRR, ANK repeats or the tetratricopeptide repeat (Figure [5](#F5){ref-type="fig"}). The abundance of F-box proteins in *A. asiaticus* suggests that subversion of the host ubiquitin system may be important in interaction of this bacterium with the host cell. *Legionella drancourtii* is a strictly intracellular amebal pathogen, growing in cytoplasmic vacuoles of infected ameba (La Scola et al., [@B57]). *L. drancourtii* encodes six putative F-box proteins, and three of these proteins also harbor ANK repeats (Figure [5](#F5){ref-type="fig"}), analogous to AnkB of *L. pneumophila*.

The role of F-box proteins in the interaction of ameba with their endosymbionts is unknown. Compared to other bacterial species with known and predicted F-box proteins, amebal endosymbionts have a larger cadre of proteins that have the potential to subvert the host SCF E3 ubiquitination system. This may reflect their obligate and intimate intracellular lifestyle within ameba. Furthermore, the proliferation of F-box proteins in these organisms may allow greater amebal host tropism, increasing chances of survival in an ever changing environment.

Conclusions
===========

Host ubiquitination by the SCF E3 ligases plays an essential role in numerous eukaryotic cell processes making this system particularly sensitive to interference by invading bacteria. Many of the bacterial F-box proteins studied to date in human and plant pathogens play a key role in virulence, indicating that subversion of host ubiquitination through molecular mimicry is an important strategy in unrelated plant and mammalian bacterial pathogens. We show that at least 74 putative F-box proteins are encoded by 22 bacterial species. Many of these bacterial species cause disease in humans or plants by injecting effectors through type III or IV secretion systems, or live in symbiotic relationships with ameba. The abundance of predicted bacterial F-box proteins suggests that molecular mimicry of host F-box proteins involved in the ubiquitination pathway is an emerging and widespread theme among pathogenic bacteria and endosymbionts. It will be crucial to determine if the F-box proteins found in these other bacterial species are translocated into host cells and if they act in a similar fashion to the known bacterial and eukaryotic F-box proteins.

Bacteria do not possess the other enzymatic components of the SCF E3 ubiquitin ligase machinery and do not possess the ubiquitination pathways of eukaryotes. It is most likely that bacterial F-box proteins have been acquired through inter-kingdom horizontal gene transfer from eukaryotic hosts. Interestingly the distribution of eukaryotic protein--protein interaction domains in bacterial F-box proteins reflects the natural hosts of the bacteria. The ANK repeat has not yet been found in F-box proteins of higher eukaryotes, but is prevalent in F-box proteins found in fungi, ameba and other lower eukaryotes. Many of the bacteria described in this review, including the human pathogens *L. pneumophila* and *C. burnetii* and amebal endosymbionts have F-box proteins with ANK repeats. The natural hosts of these intracellular bacteria are ameba and other primitive eukaryotes, organisms which also possess F-box proteins with ANK repeats, which are not present in F-box proteins of mammals. This reflects the exquisite co-evolution of bacteria with their primitive host cells and the potential of this interaction in inter-kingdom horizontal gene transfer that allow bacteria to exploit conserved eukaryotic processes. This is clearly illustrated by the AnkB F-box effector of *L. pneumophila* that exploits the two evolutionarily conserved polyubiquitination and farnesylation eukaryotic machineries to proliferate within primitive and highly evolved eukaryotic cells and hosts.

Numerous questions remain unanswered regarding bacterial F-box proteins. The only confirmed target for a bacterial F-box protein known to date is VirF directed ubiquitination of VIP1 in plants. Identifying the targets of bacterial F-box proteins will be crucial for future research, as they will provide insight into the host mechanisms exploited by bacterial pathogens and the exquisite lengths bacteria have reached through co-evolution with their hosts to proliferate.
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